6
useful measure of genome assembly completeness (a component of accuracy), and in 1 1 1 principle we should prefer genome assemblies with BUSCO scores closer to 100%. 1 1 2
One limitation of BUSCO scores is that they assess only a very small proportion of 1 1 3 the genome, typically around 1000 highly conserved genes which represent less than 1 1 4 1% of the total genome. Furthermore, by their nature these protein-coding regions of 1 1 5 the genome tend to be among the easiest to assemble because they are usually 1 1 6 single-copy regions of high complexity. Hence, assemblies can have very similar 1 1 7 BUSCO scores even if they differ considerably in their assembly of the non-BUSCO 1 1 8 genomic regions, which means that it is sometimes difficult to use BUSCO scores to 1 1 9 distinguish among competing assemblies [21] . In this study, we complement these 1 2 0 commonly-used measures with a range of other metrics to assess and compare 1 2 1 genome assemblies, and we use these measures to choose the best draft assembly of E. 1 2 2 pauciflora. 1 2 3 1 2 4
One measure we propose is the assembly ploidy: the proportion of the genome that is 1 2 5
represented by haploid contigs. One important problem in genome assembly is that 1 2 6 we commonly represent the genome of diploid (or polyploid) organisms as a haploid 1 2 7 sequence. Traditionally, genome projects would alleviate this problem by sequencing 1 2 8 highly inbred individuals [22, 23] , thus reducing the discrepancy between the diploid 1 2 9 individual and the haploid representation. However, as genome assembly has become 1 3 0 more commonplace, we often want to assemble the genomes of highly heterozygous 1 3 1 individuals. For example, heterozygosity in Eucalyptus is around 1% [24] , and varies 1 3 2 7 substantially along the genome [16] . The consequence of this is that regions of low 1 3 3 heterozygosity tend to be assembled into a single collapsed haploid sequence, whereas 1 3 4 regions of high heterozygosity tend to be assembled into two haplotypes of the same 1 3 5 region, which are usually labelled the 'primary contig' (referring to the longer of the 1 3 6 two contigs) and the 'haplotig' (referring to the shorter of the two contigs) [25] . 1 3 7
Although there has been some progresses in estimating truly diploid assemblies [25, 1 3 8 26], most assemblers still produce primary contigs and haplotigs without labelling 1 3 9 them as such [27, 28] . Crucially, unidentified haplotigs may cause issues in the 1 4 0 downstream analyses, because many analyses assume that we have a haploid 1 4 1 representation of the genome. Because of this, we propose a novel and simple (but 1 4 2 imperfect) metric to measure the assembly ploidy, which is simply the ratio of the 1 4 3 assembly size to the estimated haploid genome size. If the aim is to produce a haploid 1 4 4 representation of a genome, then an assembly ploidy of 1 is preferable (i.e. the 1 4 5 assembly size should equal the estimated haploid genome size). If the aim is to 1 4 6 produce a diploid representation of a genome, then an assembly ploidy of 2 is 1 4 7 preferable (i.e. the assembly size should be double the estimated haploid genome size). 1 4 8
One limitation of this metric is that it is sensitive to errors in the estimation of haploid 1 4 9 genome size, and it is also sensitive to errors in genome assembly (e.g. highly 1 5 0 incomplete assemblies) that might affect the numerator. Nevertheless, in combination 1 5 1 with other measures, we show below that the assembly ploidy provides a useful 1 5 2 metric with which to compare genome assemblies. based on E-value scores of alignments, which may be affected by the total length of 3 9 7 the assembly. To attempt to alleviate some of these potential issues, we re-polished all 3 9 8 of the genome assemblies with multiple rounds of Pilon using the short-read assembly 3 9 9 dataset, as above. BUSCO scores recovered across all assemblies with additional 4 0 0
Pilon polishing (Fig. 2B ). As expected, the number of duplicated BUSCO genes 4 0 1 decreased substantially (~50%-70%) after haplotigs were removed from the 4 0 2 assemblies and this did not change substantially after additional polishing ( and Additional file 4: Table S2 ). Together, these results suggest that our haplotig 4 0 4 removal pipelines largely succeeded in removing haplotigs, although some haplotigs 4 0 5 likely remain if the true genome size is around 500 Mb ( Fig. 2A ). After haplotig removal and polishing, we considered the primary contigs of each 4 0 9
assembly as the final assembly, and evaluated each of the final assembly in using the 4 1 0 eight statistics we describe above: contig N50, BUSCO scores, LAI scores, assembly 4 1 1 ploidy, base-level error rate, CGAL scores, structural variation and genome sequence 4 1 2 similarity (Table 3 and Comparison of the eight metrics we used suggested that the MaSuRCA_35kb 4 1 5
assembly was likely to be the most accurate assembly overall and that the 4 1 6
Marvel_35kb assembly was the least accurate. However, we note that the MaSuRCA 4 1 7 assembly did not receive the best scores for all metrics, suggesting that the choice of 4 1 8 2 0 which assembly to use will sometimes be question-specific. Also, in most of cases, 4 1 9 performances of the two MaSuRCA assemblies are very similar. 4 2 0 4 2 1 N50 scores varied from 295 kb (Flye_1kb) to 3.2 Mb (MaSuRCA_35kb), with Flye 4 2 2 achieving notably lower N50 values than the other assemblers (Table 3) Marvel_35kb assembly had scores >92%. The MaSuRCA_35kb assembly also 4 2 6 achieved the highest LAI score (9.31), which was substantially higher than the best 4 2 7 assembly from any other assembler (Canu_1kb, LAI score: 7.04). The lowest LAI 4 2 8 score (3.77) was observed in Marvel_35kb assembly. The assembly ploidy was the 4 2 9 closest to one for the Flye assemblies (e.g.1.03 for the Flye_35kb assembly vs. 1.19 4 3 0 for the MaSuRCA_35kb assembly). Although these scores have to be interpreted with 4 3 1 caution, because the true genome size remains unknown, they are to some extent 4 3 2 corroborated by the lower number of duplicated BUSCO genes in the assemblies with 4 3 3 the lower assembly ploidy (e.g. 90 duplicated BUSCO genes in the Flye_35kb 4 3 4 assembly, vs. 200 in the MaSuRCA_35 assembly). Nevertheless, given that gene 4 3 5 duplication is common in Eucalyptus species, all such measures need to be interpreted 4 3 6 with some caution, since the BUSCO genes themselves could be duplicated in the E. 4 3 7 pauciflora genome. Taken together, these four metrics suggest that the 4 3 8
MaSuRCA_35kb assembly is the most complete, most contiguous, and among the 4 3 9 most accurate of the assemblies we produced. The other three metrics assess the entirety of every assembly, and also suggest that the 4 4 2 best assemblies for our data are produced by MaSuRCA (Table 3 ). The MaSuRCA 4 4 3 assemblies (1kb and 35kb) had the lowest error rates (0.006 errors per base for 4 4 4 short-read mapping and 0.166 for long-read mapping in both assemblies), and the 4 4 5 smallest total number of structural variants estimated from the long validation reads 4 4 6 (4017 structural variants for the MaSuRCA_35KB assembly). Flye tended to perform 4 4 7 the worst on these metrics, although we note that these results will be affected by the 4 4 8 fact that the MaSuRCA assemblies contain more duplicated genome regions (see 4 4 9 above), which will tend to reduce the estimated error rates and number of structural 4 5 0 variants, because duplicated regions can accurately represent heterozygous variants 4 5 1 that will be present in the reads. CGAL ranked MaSuRCA assemblies as the best (1kb: Finally, to further investigate the different assemblies, we compared the genome 4 5 6 sequence similarity between different assemblies using NUCmer module of MUMmer 4 5 7 v4.0.0beta2 ( Fig. 4) , with the minimum identity set to 75. Notably, around 10% of the 4 5 8 sequence of Canu/Flye/MaSuRCA assemblies failed to align to Marvel_35kb 4 5 9 assembly ( Fig. 4) , which, along with the low genome completeness (BUSCO scores) 4 6 0 of the Marvel_35kb assembly (Table 3) , suggest that the Marvel_35kb assembly may 4 6 1 contain many more small duplicated regions than other assemblies. In turn, these 4 6 2 2 2 duplicated regions may explain the fact that Marvel_35kb assembly has the lowest 4 6 3 genome completeness but not the smallest genome size compared to other assemblies 4 6 4 (Table 3 ). Other assemblies have rough 98% -99% of similarity to each other. Based on the eight metrics we used above (Table 3) , we suggest that the 4 6 7
MaSuRCA_35kb assembly represents the most accurate representation of the E. 4 6 8 pauciflora genome. We note, though, that the Flye assembler only took 1-3% of 4 6 9 runtime of the other assemblers used in this paper (Table 1) , and produced genome 4 7 0 assemblies that were of similar quality to the MaSuRCA_35kb assembly in many 4 7 1 respects. The Marvel_35kb assembly received the worst scores on many metrics, and 4 7 2 also appears to be missing roughly ~10% of the genome according to BUSCO scores 4 7 3 and genome sequence similarity analyses ( assembly not covered by the E. grandis assembly. Despite this, the coverage of the E. 4 9 0 pauciflora assembly when mapped to the 11 chromosome-scale scaffolds of the E. 4 9 1 grandis genome is fairly constant ( Fig. 5A ), suggesting either that many of these 4 9 2 differences result from small errors in both assemblies, and/or from relatively 4 9 3 small-scale differences in the underlying genomes. To examine whether the differences between E. pauciflora and E. grandis could be 4 9 6 explained by their repeat content, we annotated repetitive elements of E. pauciflora 4 9 7 and E. grandis with RepeatMasker v4.0.7 [57] . Although the repeats of E. grandis 4 9 8
have been annotated before [16] , we reannotated them here to enable us to make a 4 9 9 direct comparison of the repeat content using an identical pipeline for both genomes. 5 0 0
First, we created the custom consensus repeat library using RepeatModeler v1.0.11 5 0 1
[58] with parameter "-engine ncbi". The classifier was built upon Repbase v20170127 5 0 2
[59]. Then we merged the repeat libraries from RepeatModeler and LTR 5 0 3 retrotransposon candidates from LTR retriever to create a comprehensive repeat 5 0 4 library as the input for RepeatMasker. We ran the RepeatMasker with "-engine ncbi" 5 0 5 model. We used the 'calcDivergenceFromAlign.pl" script in RepeatMasker pipeline to 5 0 6 2 4 calculate the Kimura divergence values, and plotted the repeat landscape with repeats 5 0 7 presented in both E. pauciflora and E. grandis genomes. 5 0 8 5 0 9
The repeat content of the two genomes is similar. The E. pauciflora genome contains 5 1 0 44.77% of repetitive elements, compared to 41.22% in E. grandis. Retrotransposons 5 1 1 account for 29.53% of E. pauciflora genome, and 26.94% in E. grandis, and DNA 5 1 2 transposons account for 6.04% and 4.80% of the genome in E. pauciflora and E. 5 1 3 grandis, respectively. The repeat landscapes of the two genomes are also similar, 5 1 4
showing roughly two waves of repeat expansion, which is most likely explained by a 5 1 5
shared inheritance of most of the repeats in the two genomes ( Fig. 5B ). Here, we report a high-quality draft haploid genome of E. pauciflora. It is the first 5 2 0
Eucalyptus genome assembled with third-generation sequencing reads (Nanopore 5 2 1 A  s  s  e  m  b  l  y  o  f  c  h  l  o  r  o  p  l  a  s  t  g  e  n  o  m  e  s  w  i  t  h  l  o  n  g  -a  n  d  s  h  o  r  t  -r  e  a  d  d  a  t  a  :  a  c  o  m  p  a  r  i  s  o  n  o  f  6  3  2   a  p  p  r  o  a  c  h  e  s  u  s  i  n  g  E  u  c  a  l  y  p  t  u  s  p  a  u  c  i  f  l  o  r  a  a  s  a  t  e  s  t  c  a  s  e  .  B  M  C  G  e  n  o  m  i  c  s  .  2  0  1  8  ;  1  9  6  3 
